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Lithium  nickel  manganese  oxide  (LiNio.5Mn1.5O4)  shows  promising  applications  in  next-generation  Li-ion 
batteries  due  to  its  high  working  voltage.  In  this  work,  submicron  LiNio.5Mn1.5O4  has  been  synthesized  by 
a  facile  solid-phase  route  and  its  electrochemical  performance  has  been  investigated  in  both  half  cells 
and  full  cells  using  mesocarbon  microbeads  as  anodes.  In  LiNio.5Mn1.5O4— Li  cells,  LiNio.5Mn1.5O4  shows 
excellent  rate  performance  and  high-rate  cycling  stability.  At  20  C,  LiNio.5Mn1.5O4  can  yield  a  discharge 
capacity  of  105.8  mAh  g-1.  After  1400  cycles  at  1  C,  a  discharge  capacity  of  around  80  mAh  g_1  can  be  still 
delivered.  The  LiNio.5Mni.504-limited  full  cells  exhibit  a  working  voltage  of  around  4.5  V  and  a  discharge 
capacity  of  90.0  mAh  g-1  after  120  cycles  at  1  C.  The  excellent  electrochemical  performance  of 
LiNio.5Mn1.5O4  can  be  attributed  to  a  combination  of  submicron  size,  durability  of  Mn3+  at  high  rates  and 
small-size  induced  protective  film. 
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1.  Introduction 

Li-ion  batteries  currently  show  promising  applications  as  power 
sources  for  electric  vehicles  (EVs)  and  hybrid  electric  vehicles 
(HEVs).  Cathode  materials  with  high  specific  capacity,  enhanced 
rate  performance,  long  cycle  life,  low  cost,  and  high  safety  have 
been  intensively  investigated  recently  to  meet  the  stringent  re¬ 
quirements  for  EVs  and  HEVs  applications  [1-4  .  Although  spinel 
LiMn204  and  olivine  LiFePCH  are  of  broad  interest  because  of  their 
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resource  abundance,  environmental  friendliness,  and  high  safety 
[5],  they  exhibit  low  energy  density  for  either  low  working  voltage 
or  low  specific  capacity.  Using  high-voltage  cathode  is  one  of  the 
practical  strategies  to  increase  the  energy  density  of  Li-ion  batteries 
[6-8  .  Among  various  candidates,  spinel  LiNio.5Mn1.5O4  has 
received  a  special  attention  because  of  its  low  cost  and  high 
working  voltage  of  around  4.7  V  9-20].  For  EVs  and  HEVs  appli¬ 
cations,  good  rate  performance  and  high-rate  cycling  stability  are 
also  indispensable  in  addition  to  high  working  voltage. 

Using  materials  with  a  small  size,  for  example  nanomaterials, 
provides  a  practical  solution  to  this  issue  since  small-sized  mate¬ 
rials  have  short  Li-ion  diffusion  pathways  and  large  contact  area 
with  electrolyte.  Previous  work  has  shown  that  LiNio.5Mn1.5O4  with 
various  nanostructures,  such  as  nanoparticles  [12,21-24],  nano¬ 
flakes  [25  ,  nanorods/nanowires  26-28],  and  hollow  spheres  [29], 
could  demonstrate  enhanced  rate  capability  and  high-rate  cycling 
stability.  Chen  et  al.  [25]  reported  surface  oriented,  nanoflake- 
stacked  LiNio.5Mn1.5O4  that  can  yield  a  discharge  capacity  as  high 
as  96  mAh  g-1  at  50  C.  High  capacity  retention  of  86%  can  be 
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achieved  after  500  cycles  at  1  C  for  this  material.  Porous 
LiNio.5Mn1.5O4  nanorods  reported  by  Zhang  et  al.  [28]  could  exhibit 
excellent  high-rate  cycling  stability  with  91%  of  the  initial  capacity 
maintained  after  500  cycles  at  5  C.  However,  the  synthesis  of  these 
nanostructures  generally  involves  a  relatively  complex  solution 
route,  where  surfactants  or  templates  are  always  necessary.  For 
example,  triblock  copolymer  FI  27  was  used  as  the  template  to 
obtain  the  desired  surface  orientation  of  LiNio.5Mn1.5O4  25]. 

In  this  work,  we  report  a  facile  solid-phase  route  to  synthesize 
submicron  LiNio.5Mn1.5O4  with  excellent  electrochemical  perfor¬ 
mance  in  both  half  and  full  cells.  The  submicron  structure  allows 
rapid  Li-ion  transport  both  at  particle/electrolyte  interface  and  in 
bulk  particle.  The  submicron  structure  also  promotes  the  formation 
of  an  effective  surface  film  to  inhibit  Mn  and  Ni  dissolution.  The 
protective  effect  of  the  surface  film  also  makes  Mn3+  survive  long¬ 
term  cycling  at  high  rates,  which  is  critical  for  high-rate  cycling 
stability  of  LiNio.5Mn1.5O4.  The  excellent  electrochemical  perfor¬ 
mance  of  submicron  LiNio.5Mn1.5O4  as  well  as  its  easy  synthesis 
route  makes  it  possible  for  large-scale  applications  in  EVs  and  HEVs. 


Fig.  1.  (a)  XRD  patterns,  (b,  c)  SEM  images,  (d)  TEM  image,  (e)  HRTEM  image  and  SAED  patterns,  and  (f)  EDS  mapping  of  submicron  LiNio.5Mn1.5O4. 
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Fig.  2.  Electrochemical  performance  of  submicron  LiNio.5Mn1.5O4  in  half  cells:  (a)  the  first  three  voltage  profiles  at  0.1  C,  (b)  the  first  three  CV  scans  at  0.1  mV  s_1,  (c)  voltage  profiles 
on  the  100-800th  cycles  at  1  C,  (d)  CV  scans  on  the  100-800th  cycles  at  0.1  mV  s_1,  (e)  discharge  curves  at  various  rates,  (f)  rate  dependence  of  discharge  capacity,  (g)  cycling 
stability  and  coulombic  efficiency  at  1  C,  (h)  cycling  stability  at  1  C  and  5  C,  and  (i)  cycling  stability  at  0.1  C  and  0.2  C. 
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2.  Experimental 

2.2.  Preparation  and  characterization  of  LiNio.5Mni504 

LiNio.5Mn1.5O4  was  prepared  by  a  facile  solid-phase  route  using 
stoichiometric  amounts  of  Mn02,  NiO  and  Li2C03  (5%  excess)  as  the 
precursors.  The  precursors  were  thoroughly  mixed  by  shock-type 
ball  milling  at  20  Hz  for  1  h.  The  mixed  precursors  were  placed  in 
the  center  of  a  tubular  furnace  with  the  temperature  increased  to 
800  °C  at  2  °C  per  minute  in  air.  After  firing  at  this  temperature  for 
20  h,  the  furnace  was  cooled  to  room  temperature  at  1  °C  min-1  to 
obtain  the  final  product.  The  phases  in  the  product  were  analyzed 
by  X-ray  diffraction  (XRD)  on  a  Rigaku  D/Max-2550pc  powder 
diffractometer  equipped  with  Cu  I<a  radiation  (A  =  0.1542  nm).  The 
morphology  of  the  product  was  observed  by  field-emission  scan¬ 
ning  electron  microscopy  (SEM)  on  an  FEI-sirion  microscope, 
transmission  electron  microscopy  (TEM)  and  high-resolution  TEM 
(HRTEM)  on  a  JEM  2100F  microscope. 

2.2.  Electrochemical  measurements 

The  electrochemical  performance  of  the  product  was  evaluated 
by  galvanostatic  cycling  using  CR2025-type  coin  cells.  The  electrode 
slurry  was  made  by  mixing  75  wt%  LiNio.5Mn1.5O4, 15  wt%  acetylene 
black  (AB)  and  10  wt%  polyvinylidene  fluoride  (PVDF)  and  stirring 
in  N-methyl  pyrrolidone  (NMP)  for  2  h.  The  working  electrodes 
were  made  by  spreading  the  slurry  onto  Al  foils  and  dried  at  100  °C 
under  vacuum  for  10  h.  The  electrodes  were  then  assembled  into 
half  cells  in  an  Ar-filled  glove  box  using  Li  foils  as  the  counter 
electrodes  and  Celgard  2300  polypropylene  membranes  as  the 
separators.  The  electrolyte  was  1  M  LiPF6  dissolved  in  ethylene 
carbonate  (EC)/dimethyl  carbonate  (DMC)  (1:1  in  volume).  The  half 
cells  were  charged  and  discharged  at  various  current  densities 
between  3.5  and  4.9  V  vs.  Li/Li+  on  a  Neware  battery  tester 
(Shenzhen,  China).  Cyclic  voltammetry  (CV)  scanning  was  per¬ 
formed  on  an  Arbin  BT2000  system  between  3.5  and  5.0  V  vs.  Li/Li+ 
at  0.1  mV  s_1.  Coin-type  full  cells  were  also  assembled  in  a  similar 
manner  using  mesocarbon  microbeads  (MCMB)  as  the  anodes.  The 
LiNio.5Mni.504-MCMB  cells  were  galvanostatically  cycled  at  3.4- 
4.8  V  under  0.1  C  and  1  C.  The  full  cells  are  cathode  limited  and  1  C 
corresponds  to  150  mA  g_1  for  both  half  and  full  cells.  All  of  the 
electrochemical  measurements  were  carried  out  at  room 
temperature. 

3.  Results  and  discussion 

Fig.  la  shows  the  XRD  patterns  of  LiNio.5Mn1.5O4  prepared  at 
800  °C  in  air.  The  diffraction  peaks  of  the  product  agree  well  with 
the  standard  patterns  of  spinel  LiNio.5Mn1.5O4  (JCPDS  No.  80-2162) 
with  no  obvious  impurities.  This  suggests  that  the  expected  im¬ 
purities  such  as  rock-salt  LixNii_xO  are  at  a  low  content.  The  spinel 
can  be  well  indexed  to  disordered  LiNio.sMni.504_5  with  space 
group  Fd3m  rather  than  ordered  LiNio.5Mn1.5O4  with  space  group 
P4332  due  to  the  absence  of  the  superstructure  peaks  in  the  pat¬ 
terns.  For  simplicity,  LiNio.5Mn1.5O4  is  still  used  in  the  following 
sections. 

The  morphology  of  LiNio.5Mn1.5O4  was  observed  by  SEM,  TEM 
and  HRTEM.  SEM  image  in  Fig.  lb  shows  that  the  sample  is 
composed  of  small  sized  primary  particles  which  aggregate  to  large 
sized  aggregations  of  several  microns.  High-magnification  SEM 
image  in  Fig.  lc  indicates  the  faceted  structure  of  the  primary 
LiNio.5Mn1.5O4  particles.  SEM  image  also  reveals  that  the  size  of  the 
primary  LiNio.5Mn1.5O4  particles  is  below  500  nm.  The  small  size  of 
LiNio.5Mn1.5O4  is  further  confirmed  by  TEM  observation  (Fig.  Id). 
This  means  that  submicron  structure  of  LiNio.5Mn1.5O4  can  be 


preserved  even  after  high-temperature  firing  at  800  °C.  Fig.  le  gives 
HRTEM  image  of  LiNio.5Mn1.5O4.  The  fringe  spacings  of  0.47  nm  in 
HRTEM  correspond  to  the  interplanar  distances  of  (111)  planes  of 
LiNio.5Mn1.5O4.  The  single  crystalline  character  of  a  single  primary 
particle  is  also  revealed  by  HRTEM  and  selected  area  electron 
diffraction  (SAED).  Fig.  If  shows  the  dark-field  TEM  image  and 
energy  dispersive  X-ray  spectroscopy  (EDS)  mapping  of  Mn  and  Ni 
elements.  The  EDS  mapping  indicates  uniform  distribution  of  Mn 
and  Ni.  As  a  result,  submicron  LiNio.5Mn1.5O4  has  been  obtained  by 
this  facile  preparation  method. 

Fig.  2a  shows  the  first  three  voltage  profiles  of  submicron 
LiNio.5Mn1.5O4  at  0.1  C  (1  C  =  150  mA  g'1),  which  exhibit  a  quasi¬ 
plateau  at  3.9-4.2  V  and  two  successive  plateaus  at  around  4.7  V. 
The  successive  plateaus  at  around  4.7  V  are  related  to  Ni2+/Ni3+  and 
Ni3+/Ni4+  redox  couples,  whereas  the  quasi-plateau  at  3.9-4.2  V 
originates  from  the  Mn3+/Mn4+  redox  couple.  The  appearance  of 
Mn3+/Mn4+  couple  is  in  accord  with  the  disordered  phase  of 
LiNio.5Mni.504_5  (space  group  Fd3m)  revealed  by  XRD.  The  oxygen 
loss  at  high  temperature  is  charge  compensated  by  reducing  Mn4+ 
to  Mn3+  with  the  formation  of  oxygen  deficiency  16,30].  However, 
the  expected  formation  of  rock-salt  LiyNii_yO  phase  [9,16,30] 
accompanied  by  the  oxygen  loss  is  not  significant.  The  first 
charge  and  discharge  capacities  of  LiNio.5Mn1.5O4  are  173.8  and 
128.3  mAh  g-1,  respectively.  The  low  coulombic  efficiency  in  the 
first  cycle  is  caused  by  electrolyte  oxidation  by  Ni3+/Ni4+  to  form  a 
surface  film  16].  The  small  size  of  LiNio.5Mn1.5O4  may  promote  the 
oxidation  reaction  by  increasing  the  contact  with  electrolyte.  The 
charge  and  discharge  capacities  are  stabilized  at  138.7  and 
131.1  mAh  g-1  in  the  third  cycle,  with  the  coulombic  efficiency 
increased  to  95%.  The  high  specific  capacity  is  ascribed  to  low 
content  of  LiyNii_yO  impurity  and  good  crystallization  of 
LiNio.5Mn1.5O4,  while  the  increased  coulombic  efficiency  is  due  to 


Fig.  3.  Electrochemical  performance  of  submicron  LiNio.5Mn1.5O4  in  full  cells:  (a)  the 
first  three  voltage  profiles  at  0.1  C,  and  (b)  cycling  stability  at  0.1  C  and  1  C. 
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effective  inhibition  of  electrolyte  oxidation  by  the  surface  film  in 
the  subsequent  cycles.  The  capacity  contributed  by  Mn3+/Mn4+  is 
estimated  to  be  8%  of  the  total  capacity  of  LiNio.5Mn1.5O4  by 
comparing  the  plateau  length  between  Mn3+/Mn4+  and  Ni2+/Ni4+ 


couples,  which  is  close  to  the  rational  value  in  Cr-doped 
LiNio.5Mn1.5O4  [13].  According  to  the  capacity  contribution  by 
Mn3+/Mn4+,  the  oxygen  deficiency  8  in  LiNio.sMni.504_5  is  esti¬ 
mated  to  be  0.02.  Fig.  2b  presents  CV  plots  of  LiNio.5Mn1.5O4  at 


Fig.  4.  (a)  XRD  patterns,  (b-d)  TEM  images,  (e)  EDS  mapping,  and  (f-h)  XPS  of  the  cycled  LiNio.5Mn1.5O4  sample. 
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0.1  mV  s'1,  where  the  current  peaks  at  around  4.0  V  correspond  to 
Mn3+/Mn4+  couple,  while  the  two  successive  peaks  at  4.5-4.9  V  are 
assigned  to  Ni2+/Ni3+  and  Ni3+/Ni4+  couples.  Note  that  the  two 
peaks  of  Ni2+/Ni3+  and  Ni3+/Ni4+  are  well  separated  and  become 
sharp  after  the  first  cycle,  indicating  good  electrode  kinetics  of 
LiNio.5Mn1.5O4  with  a  submicron  size. 

Fig.  2c  shows  the  voltage  profiles  of  LiNio.5Mn1.5O4  on  100-800 
cycles  at  1  C.  The  submicron  LiNio.5Mn1.5O4  exhibits  slow  capacity 
fade  from  122  mAh  g_1  at  the  100th  cycle  to  114  mAh  g-1  at  the 
400th  cycle,  corresponding  to  capacity  retention  of  93%.  In  addition, 
the  curves  resemble  one  another  with  well  defined,  separated  po¬ 
tential  plateaus,  indicative  of  good  preservation  of  perfect  crystal¬ 
lographic  ordering  of  LiNio.5Mn1.5O4  during  cycling  which  has  been 
verified  by  XRD  (Fig.  4a)  and  TEM  (Fig.  4b  and  c)  of  the  cycled 
sample.  Of  note  is  that  even  after  800  cycles,  the  shape  and  length 
of  the  4.0  V  plateau  are  almost  unchanged,  suggesting  that  the 
Mn3+  ions  can  survive  repeated  cycling  at  a  high  rate.  In  other 
words,  the  disproportionation  reaction  2Mn3+  =  Mn2+  +  Mn4+  that 
leads  to  the  dissolution  of  Mn2+  [16]  is  not  significant  due  probably 
to  the  protective  effect  of  the  surface  film.  As  suggested  by  Xiao 
et  al.  [13  ,  an  appropriate  Mn3+  concentration  will  minimize  the 
potential  generation  of  the  soluble  Mn2+  ions  via  the  dispropor¬ 
tionation  reaction.  In  contrast,  the  length  of  the  4.7  V  plateaus  is  on 
the  decrease  during  long-term  cycling  which  suggests  that  the  in¬ 
hibition  effect  for  Ni  dissolution  is  less  effective.  Fig.  2d  demon¬ 
strates  CV  plots  during  100-800  scans  at  0.1  mV  s-1.  The  almost 
overlapped  current  peaks  at  4.0  V  also  indicate  the  durability  of 
Mn3+/Mn4+  redox  couple,  while  the  broadening  and  intensity 
decrease  of  the  current  peaks  at  4.7  V  signify  the  degraded  kinetics 
of  Ni2+/Ni4+  redox  couple. 

Rate  performance  is  one  of  the  important  factors  for  the  prac¬ 
tical  application  of  LiNio.5Mn1.5O4  in  EVs  and  HEVs.  Rate  capability 
of  the  submicron  LiNio.5Mn1.5O4  is  investigated  as  illustrated  in 
Fig.  2e  and  f.  As  seen  in  Fig.  2e,  the  discharge  plateaus  at  both  4.0  V 
and  4.7  V  are  well  defined  and  separated  up  to  1  C  rate.  At  higher 
rates,  high  discharge  plateaus  (above  4.5  V)  related  to  Ni2+/Ni4+  are 
still  observable  although  the  separation  of  the  plateaus  becomes 
unclear  with  increased  rate.  In  addition,  the  4  V  plateau  related  to 
Mn3+/Mn4+  still  exists  at  5  C,  indicating  high  kinetics  of  Mn 3+/ 
Mn4+  redox  couple,  possibly  due  to  the  small  size  of  LiNio.5Mn1.5O4. 
Fig.  2f  gives  the  rate  dependence  of  the  discharge  capacity  of 
LiNio.5Mn1.5O4.  The  discharge  capacities  (the  last  cycle  at  each  rate) 
of  LiNio.5Mn1.5O4  at  0.1,  0.2,  0.5, 1,  5, 10,  20  C  are  122.3, 121.6, 119.6, 
118.8,  115.1,  113.3,  and  105.8  mAh  g_1,  respectively.  Note  that  the 
discharge  capacity  is  almost  independent  of  the  applied  current 
density  at  0.1-1  C  rates.  At  1  C,  a  high  discharge  capacity  of 
118.8  mAh  g-1  can  be  obtained  for  LiNio.5Mn1.5O4.  Even  at  20  C,  it 
can  still  yield  a  discharge  capacity  of  105.8  mAh  g-1,  indicative  of  its 
excellent  rate  capability.  When  the  current  is  shifted  to  0.1  C,  the 
discharge  capacity  can  be  recovered  to  115.5  mAh  g-1,  suggesting 
that  the  crystallographic  ordering  of  LiNio.5Mn1.5O4  can  be 


preserved  after  high-rate  cycling.  The  good  rate  capability  of 
LiNio.5Mn1.5O4  can  be  attributed  mainly  to  two  factors:  (1)  the 
submicron  structure  facilitates  the  Li  ions  transport  both  at  particle/ 
electrolyte  interface  and  in  bulk  particles  and  (2)  Mn3+  formation 
can  contribute  to  both  Li  ions  diffusion  rate  by  promoting  Mn-Ni 
site  disorder  13]  and  electronic  conductivity  by  electron  hopping 
between  Mn3+  and  Mn4+  [12  . 

Besides  rate  performance,  cycling  stability  is  another  critical 
factor  for  the  practical  application  of  LiNio.5Mn1.5O4  in  EVs  and 
HEVs.  After  1400  cycles  at  1  C,  a  discharge  capacity  of  around 
80.0  mAh  g_1  still  yieldable  for  LiNio.5Mn1.5O4  (Fig.  2g),  which  in¬ 
dicates  long-term  cycling  stability  of  LiNio.5Mn1.5O4.  In  addition, 
the  coulombic  efficiency  is  close  to  100%  after  the  first  three  cycles 
at  0.1  C  and  one  cycle  at  1  C,  indicative  of  good  reversibility  of 
LiNio.5Mn1.5O4.  As  shown  in  Fig.  2h,  LiNio.5Mn1.5O4  can  deliver  a 
discharge  capacity  of  around  80  mAh  g_1  after  500  cycles  at  5  C. 
Stable  cycling  is  also  observed  at  low  rates  as  seen  in  Fig.  2i.  The 
excellent  high-rate  cycling  stability  is  due  mainly  to  the  durability 
of  Mn3+  ions  in  LiNio.5Mn1.5O4  lattice  to  ensure  high-rate  cycling 
and  the  protective  effect  of  the  surface  film  to  reduce  the  Ni  and  Mn 
dissolution  by  HF.  TEM  and  XPS  characterizations  on  the  cycled 
sample  were  performed  to  reveal  the  structure  and  composition  of 
the  surface  film.  TEM  image  in  Fig.  4c  and  d  shows  the  presence  of  a 
layer  of  film  of  2-3  nm  thickness  on  the  surface  of  a  cycled 
LiNio.5Mn1.5O4  particle  and  the  surface  film  contains  C,  F  and  O 
elements  confirmed  by  EDS  mapping  (Fig.  4e).  To  further  check  the 
composition  of  the  surface  film,  XPS  characterization  was  con¬ 
ducted  on  the  cycled  sample  as  seen  in  Fig.  4f-h.  The  results 
confirm  that  the  main  compositions  of  the  surface  film  are  LiF  and 
Li2C03  [28,31-33].  The  work  by  Yang  et  al.  [33  showed  that  the  in- 
situ  generated  amorphous  Li2C03  layer  could  suppress  the  inter¬ 
facial  side  reaction  between  the  active  material  and  the  LiPF6- 
contained  electrolyte.  It  should  be  noted  that  long-term  cycling 
also  leads  to  capacity  fade  of  LiNio.5Mn1.5O4.  Nevertheless,  this 
work  provides  a  facile  method  to  obtain  high-performance 
LiNio.5Mn1.5O4  with  controlled  particle  size  and  rational  Mn3+ 
concentration.  Table  1  summarizes  the  rate  and  cycling  perfor¬ 
mance  of  previously  reported  LiNio.5Mn1.5O4  samples  and  those  of 
our  LiNio.5Mn1.5O4  sample.  These  LiNio.5Mn1.5O4  samples  represent 
the  best  ones  reported  so  far.  From  these  data  we  can  see  that  the 
electrochemical  performance  of  our  sample,  prepared  by  a  simple 
solid-phase  route,  is  among  the  best  ones. 

Full  cells  LiNio.5Mni.504-MCMB  were  fabricated  to  further 
investigate  the  practical  application  of  LiNio.5Mn1.5O4.  The  MCMB 
anodes  composed  of  75  wt%  MCMB,  15  wt%  AB  and  10  wt%  PVDF 
were  prepared  by  a  same  route  as  the  LiNio.5Mn1.5O4  cathodes. 
The  first  irreversible  capacity  of  MCMB  was  reduced  by  soaking 
the  electrodes  in  LiPFe/EC  +  DMC  electrolyte  for  90  min  before  the 
full  cells  assembly.  The  full  cells  are  cathode  limited  by  controlling 
the  LiNio.5Mn1.5O4/MCMB  weight  ratio  at  around  2:3.  Fig.  3a 
shows  the  first  three  voltage  profiles  of  LiNio.sMni.sCH-MCMB  cell 


Table  1 

Summary  of  rate  and  cycling  performance  of  LiNio.5Mn1.5O4. 


Sample 

Preparation  method 

Rate  capability  (mAh  g  1) 

Capacity  retention 

Reference 

1  C 

10  c 

20  C 

LiNio.5Mn1.5O4 

Solid  phase  firing 

118.8 

113.3 

105.8 

62.2%  after  1400  cycles  at  1  C 

This  work 

LiNio.45Cro.05  Mni  5O4 

Solid  phase  firing 

120.0 

100.0 

— 

99.6%  after  250  cycles  at  1  C 

[13] 

LiNio.sMni  5O4 

Sol— gel  route/solid  phase  firing 

125.0 

112.5 

96.0 

89.0%  after  500  cycles  at  1  C 

[24] 

LiNio.sMni  5O4 

Template  route/solid  phase  firing 

133.3 

123.0 

115 

86.0%  after  500  cycles  at  1  C 

[25] 

LiNio.5Mn1.5O4 

Solution  route/solid  phase  firing 

140.0 

120.0 

109.0 

91.0%  after  500  cycles  at  5  C 

[28] 

LiNio.5Mn1.5O4 

Impregnation/solid  phase  firing 

118.0 

111.5 

104.0 

97.6%  after  200  cycles  at  1  C 

[29] 

LiNio.4Ruo.05Mn!  5O4 

Solid  phase  firing 

130.0 

117.0 

— 

84.0%  after  500  cycles  at  10  C 

[34] 

LiNio.sMni  5O4 

Solution  route/solid  phase  firing 

— 

112.1 

— 

76.0%  after  1500  cycles  at  2  C 

[35] 

LiNio.5Mn1.5O4/graphene  oxide 

Solution  route/solid  phase  firing 

<110.0 

<70.0 

— 

61.0%  after  1000  cycles  at  1/2  C 

[36] 

124 
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at  0.1  C.  The  cell  can  yield  a  first  discharge  capacity  of 
125.5  mAh  g-1,  close  to  the  value  in  the  half  cells.  In  addition,  the 
full  cell  exhibits  a  high  working  voltage  of  around  4.5  V.  This 
means  that  a  high  energy  density  can  be  achieved  for 
LiNio.5Mni.504-MCMB  cell  considering  its  high  capacity  and 
voltage.  As  shown  in  Fig.  3b,  a  first  discharge  capacity  of 
118.0  mAh  g-1  is  obtained  at  1  C,  which  is  also  close  to  the  value 
in  the  half  cells.  After  120  cycles  at  1  C,  a  discharge  capacity  of 
90.0  mAh  g-1  is  still  obtainable.  LiNio.5Mn1.5O4  is  also  an  ideal 
cathode  to  couple  with  high-voltage  anodes,  for  instance  LLfTisO^ 
[37,38],  considering  its  high  working  voltage  of  4.7  V. 

4.  Conclusions 

In  summary,  submicron  LiNio.5Mn1.5O4  (Fd3m)  has  been  syn¬ 
thesized  by  a  facile  solid-phase  method  at  800  °C.  The  submicron 
LiNio.5Mn1.5O4  shows  excellent  electrochemical  performance  in 
both  LiNio.5Mni.504-Li  half  cells  and  LiNio.5Mni.504-MCMB  full 
cells.  The  results  revealed  that  Mn3+  at  a  rational  concentration  in 
LiNio.5Mn1.5O4  lattice  exhibits  high-rate  durability  upon  repeated 
cycling.  Both  small  size  and  presence  of  Mn3+  contribute  to  excel¬ 
lent  rate  performance  of  LiNio.5Mn1.5O4,  where  a  high  discharge 
capacity  of  105.8  mAh  g'1  at  20  C  is  obtainable  for  half  cells.  The 
high-rate  durability  of  Mn3+,  together  with  the  small  size  induced 
effective  protective  film,  promotes  long-term  cycling  stability  of 
LiNio.5Mn1.5O4  at  high  rates.  The  half  cell  can  retain  a  discharge 
capacity  of  around  80  mAh  g'1  after  1400  cycles  at  1  C,  and  the  full 
cell  can  deliver  a  discharge  capacity  of  90.0  mAh  g^1  after  120  cy¬ 
cles  at  1  C.  The  excellent  electrochemical  performance  and  easy 
synthesis  of  the  submicron  LiNio.5Mn1.5O4  make  it  a  promising 
cathode  for  high-energy-density  Li-ion  batteries. 
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